The underpotential deposition (UPD) of copper on a Pt(111) electrode and the influence of gas coadsorbates, i.e. CO and CO 2 , on the thus deposited copper layer were studied in a 0.1 M HClO 4 electrolyte by means of EC-STM. By UPD, an atomically flat Cu layer is formed, which exhibits a pseudomorphic (1 Â 1) structure.
Introduction
The electrochemical phenomenon that certain amounts of a metal can be deposited above the Nernst potential is known as underpotential deposition (UPD). 1 In contrast to bulk deposition at potentials below the Nernst potential, which is a continuous process, the UPD allows the deposition of metal adlayers with discrete and well defined coverages, generally covering the range of submonolayers to monolayers 1, 2 and for a few cases also multilayers, e.g. for silver on platinum. 3, 4 The exact nature of these metal adlayers is not only determined by the involved metal species but also by the supporting electrolyte. Anions can coadsorb during the metal UPD and change the metal adlayer's structure and coverage. For example, even such a small concentration as 10 À6 mol À1 of Cl À prevents the formation of a (2 Â 2) phase during copper UPD on Au(111) electrodes. 5 Also organic coadsorbates such as bis-(sodium-sulfopropyl)-disulfide (SPS) are known to influence the metal ad-/desorption and are used in industrial applications, such as the Damascene process. 6 Coadsorbates can, however, not only affect the metal adlayer during the actual UPD, but also after deposition. This can be utilized, e.g., to form ultrathin binary compound films by consecutive steps of metal UPD and exposure to reactive anions, known as EC-ALE. 7, 8 In the present study, the response of an underpotential deposited copper adlayer on a Pt(111) surface to the adsorption of two complementary gasses, namely CO and CO 2 , was studied by means of EC-STM. CO and CO 2 are complementary regarding their binding preferences: whereas CO binds strongly to platinum surfaces 9 and even suppresses Cu UPD when present during deposition, 10,11 CO 2 binds stronger to copper. 12 Using these two gasses thus allows for investigating the response of the copper adlayer in the two opposite cases of preferential gas-substrate interactions and preferential gas-metal adlayer interactions. This might also be relevant for electrochemical CO 2 reduction, for which copper is the most active material and CO a key intermediate.
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Experimental
STM and CV measurements were carried out in a custom-built EC-STM setup, 18 using electrochemically etched Pt/Ir (90/10) tunneling tips with a hot-glue (PEVAC) coating. The tip potential is set and held constant during potentiodynamic imaging with respect to the working electrode, corresponding to a constant bias voltage but variable tip potential. For all measurements, a Pt wire serves as a pseudo-reference electrode, which has a fair stability in acidic electrolytes, having a potential accuracy of AE25 mV. However, due to the high affinity of platinum for CO, a significant potential shift upon introduction of CO into the system is observed. The consequences of this potential shift will be discussed in the corresponding section in detail. In order to provide comparability, all potentials are given with respect to the standard hydrogen electrode (SHE), unless otherwise noted. A commercially available Pt(111) single crystal (MaTecK, Jülich) was prepared by flame annealing in a butane-air flame. After cooling down to room temperature in a high purity argon atmosphere (scientific grade, 99.9999%), it was protected with a droplet of ultrapure water and mounted into the electrochemical cell of the EC-STM. In order to avoid tip induced artifacts, a freshly prepared STM tip was used for each measurement. For the measurements in the Cu-free electrolyte the tip was first mounted after the electrolyte exchange for a Cu-free solution.
Results and discussion
The first step was deposition of a copper film on the Pt(111) surface by underpotential deposition (UPD) from a 0.1 M HClO 4 + 1 mM CuO solution. This was followed by an electrolyte exchange for a blank, i.e. Cu-free, 0.1 M HClO 4 solution to remove all remaining Cu 2+ cations from the liquid phase. Finally the Cu-modified Pt(111) electrode was subjected to either CO or CO 2 saturated 0.1 M HClO 4 solution by performing a second electrolyte exchange. In the following, each individual step will be characterized and discussed in detail.
Cu deposition on Pt(111)
For Cu deposition on the Pt(111) surface, the UPD from a 0.1 M HClO 4 + 1 mM CuO solution was utilized, which should lead to the formation of a pseudomorphic Cu monolayer. 1 Our CV curve of this particular system (gray curve in Fig. 1 ) is in good agreement with previous results. 1, 19, 20 It exhibits two cathodic peaks at 690 mV and 540 mV, i.e. above the Nernst potential of 251 mV, which are generally assigned to the deposition of a Cu monolayer on the Pt(111) surface. For the subsequent anodic desorption a single sharp peak appears at a significantly higher potential of 730 mV. Both the significantly higher potential and the sharp peak shape reflect the quasi irreversible character of this process, caused by attractive interactions between the adsorbed Cu atoms. 21 The measured charge density of (405 AE 25) mC cm À2 for the Cu desorption is about 15% less than expected for a pseudomorphic Cu monolayer, assuming a transfer of 2 electrons per Cu atom (480 mC cm
À2
). This lack of charge is known in the literature 1, 20 and denoted the coadsorption of anions during the Cu deposition. However, there is some disagreement concerning the charge value: whereas some ref. STM images recorded at potentials around 400 mV, i.e. after Cu deposition, show atomically smooth and homogeneous terraces (Fig. 2a) . On high resolution images an atomic structure with hexagonal symmetry is found (Fig. 2b) , which exhibits a nearest neighbor distance of (2.77 AE 0.04) nm. The atomic structure both fits with the lattice of the Pt(111) surface and is in good agreement with previous LEED results, 1, 22 which proposed a (1 Â 1) structure for the Cu UPD phase. However, STM images also show some defects within the Cu layer ( Fig. 2b) , which actually indicates a lower Cu coverage. The defects' fraction of the Cu layer can be estimated at 0.1 ML, however, due to their random distribution and different sizes this should be just considered as a rough value. Also their origin remains unclear, even high resolution STM images do not reveal any specific adsorbate within these defects. In either case, they may explain most of the apparently missing desorption charge. It should also be mentioned that the previous discussion Summarizing this discussion, it appears likely that underpotential deposition of copper on Pt(111) surfaces yields to the formation of a pseudomorphic overlayer with some local defects. They are also the reason for the apparent lack of desorption charge in the CV curves, with respect to an ideal, i.e. defect-free, Cu-monolayer. However, the origin of these defects remains unclear, as STM images do not reveal any distinctive species within the defects. Based on these results, an actual Cu coverage of approximately 0.9 ML is assumed for the following, which forms a pseudomorphic (1 Â 1)-structure on the Pt(111) surface.
Exchange for blank HClO 4 solution
The Cu deposition is followed by an electrolyte exchange for a blank, i.e. Cu-free, 0.1 M HClO 4 electrolyte, to prevent any further Cu deposition during the following experiments at lower potentials. This electrolyte exchange is carried out under potential control at a constant potential of 300 mV. Cyclic voltammograms obtained in the blank electrolyte (black curves in Fig. 1) show that no copper is lost during the electrolyte exchange: in the first anodic scan a sharp desorption peak still appears, for which the same charge density as in the Cu 2+ containing deposition electrolyte is measured (dotted curve in Fig. 1 ). During the following cycles only a fraction of the dissolved Cu 2+ cations are redeposited during the cathodic scan, leading to a continuous shrinking of the desorption peak with the number of cycles due to the virtually infinite dilution of Cu 2+ into the blank electrolyte. After several potential cycles, the CV curve shows the characteristic hydrogen-UPD and OH À -adsorption features for Pt(111) electrodes 24, 25 but only a very small Cu desorption peak (black curve in Fig. 1 ). In order to minimize the risk of any Cu dissolution, the potential was decreased by 150 mV prior to the STM measurements. STM images recorded after the electrolyte exchange show that the Cu layer remains unchanged on the surface. Large scale images still exhibit an atomically smooth and homogenous morphology (Fig. 3a) , which also proves that all Cu 2+ cations are removed from the liquid phase and no Cu bulk deposition occurs. On high resolution images, a (1 Â 1) structure with some fuzzy defects is found (Fig. 3b) , showing that also the pseudomorphic structure of the Cu layer is retained.
Exposure of the Cu layer to CO
By performing a second electrolyte exchange for a CO-saturated 0.1 M HClO 4 solution, the Cu-modified Pt(111) surface was finally subjected to CO.
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to the used pseudo-reference electrode. As already mentioned in the Experimental section, the reference potential is strongly influenced by CO. It decreases in the present case by about 450 mV, due to which the potential of the working electrode also drops by the same value (from initially +200 mV to À250 mV). As the resulting potential is significantly lower than the onset potential of the hydrogen evolution reaction (HER), the potential is increased after the electrolyte exchange to about À50 mV. During the whole procedure the Cu layer is only exposed to potentials which are lower than its deposition potential, due to which an anodic Cu desorption can be ruled out. However, it has to be considered whether the temporary exposure to strong HER has an effect on either its structure or morphology (Section 3.3.4).
3.3.2 Effect of CO on the Cu layer. The presence of CO in the electrolyte strongly affects the morphology of the Cu layer. Its initially flat and closed film like morphology collapses and many new vacancies are formed (Fig. 4a) . Also diffusion of Cu into a second layer (Fig. 4b) or formation of cluster-like Cu accumulations is locally found (Fig. 5a ). In either case, new vacancies within the Cu layer are formed, due to which part of the Pt(111) surface becomes directly exposed to the electrolyte and thus CO.
The rearrangement of the Cu layer is driven by the formation of attractive Pt-CO bindings. Their higher binding strength compared to Pt-Cu bindings is known from previous studies: in the presence of CO, the UPD of copper on Pt(100) 11 and Pt(111) 10 electrodes vanishes. DFT calculations revealed a Pt(111)-CO binding energy of À1.5 eV, which is significantly more negative than the binding energy of CO to both, a pseudomorphic Cu layer on Pt(111) (À0.9 eV) and a pure Cu (111) surface (À0.6 eV). 26 Energetically it should thus be favorable to replace all copper by CO, which, however, is not possible because the Cu layer is stabilized by the low electrode potential against anodic dissolution. Consequently, one would expect that the copper agglomerates into large clusters in order to maximize the area of the Pt(111) surface making contact with CO. However, no continuing morphology changes of the Cu layer towards cluster formation can be observed in the following STM images, indicating a suppression of Cu diffusion, both over the Pt(111) surface and into a second layer, in agreement with previous results that the adsorption of CO strongly influences the activation barriers for diffusion on platinum. 27 Hence, the newly formed defects do not originate from a long distance Cu mass transport, but from a local lateral compression of the initially pseudomorphic Cu layer to a more bulk-like structure. The diffusion into a second or a higher layer is only possible in the initial stage of the electrolyte exchange for the CO-saturated solution, while the CO concentration at the surface is still gradually increasing due to the limited flow-rate. Once the saturation concentration is reached (about 1-2 seconds) all further diffusion is suppressed. Consequently no evidence of an ongoing Cu diffusion can be found in STM images, such as a change in the Cu step edges to a more equilibrium shape or a growth of higher Cu islands. Line profiles of the coalescent Cu islands exhibit a relative height of about 0.3 nm with respect to the CO-covered Pt(111) surface ( Fig. 4c and d) . This is significantly higher than for a pseudomorphic Cu film, for which one would expect a relative height of about 0.21 nm. Moreover, they appear even higher than the steps of the Pt(111) substrate (Fig. 4c) . On the one hand this is due to the lateral compression of the Cu layer during CO adsorption, forcing Cu atoms to less ideal adsorption sites, e.g. on-top sites. On the other hand different materials exhibit different local densities of states due to which their relative height in STM images does not necessarily reflect the topological height difference. This may get even more pronounced in the presence of adsorbates, in particular in the case of different binding properties. However, for the second Cu layer a relative height of about 0.2 nm can be measured (Fig. 4d) , which is within the expected range of Cu step heights, such as 0.21 nm for Cu(111) and 0.18 nm for Cu(100).
One of the rare cases of larger cluster-like Cu accumulations is shown in Fig. 5a . The Cu coverage in the vicinity of the clusters is reduced to about 0.6 ML. The clusters have a height of about 1.6 nm to 2.3 nm (Fig. 5c and d) , roughly corresponding to 8 to 11 Cu layers. The total amount of copper in these clusters can thus be estimated at 0.6 ML in this image. Both the existence of the clusters and the locally different Cu coverage indicate that Cu diffusion has locally been possible during the electrolyte exchange. As these clusters are very rare, the reason for this locally enhanced diffusivity remains unclear.
3.3.3 Cu dissolution in the presence of CO. The presence of CO also has a strong influence on the anodic Cu desorption, which is studied by consecutively recorded STM images while simultaneously increasing the electrode potential with a linear ramp of 10 mV s À1 . The y-axis of such potentiodynamic STM images ( Fig. 5a and b) is thus directly correlated to the potential axis of the simultaneously recorded current-voltage curve (Fig. 6 ). These images reveal that the coalescent Cu layer remains unchanged up to a potential of about 550 mV (Fig. 5a) . However, during the further potential increase to about 700 mV, it disappears completely from the Pt(111) surface (Fig. 5b) . In contrast to the desorption in a CO-free solution (Fig. 1) , the simultaneously recorded current-voltage curve does not show a sharp current spike in this particular potential range, which would indicate an oxidation of the Cu layer and thus explain directly its disappearance in the STM image (Fig. 6) . It only shows a rather broad current wave at a potential of about 500 mV, where, however, the Cu layer remains unchanged in the STM image (Fig. 5a ). Also the total anodic charge density during the potential increase to 700 mV, which can be estimated at (220 AE 50) mC cm
À2
, is significantly lower than that measured for the anodic desorption of the Cu layer in an Ar-saturated solution. Only upon further potential increase can a prominent current peak be observed at a potential of about 850 mV. This peak, however, is known in the literature for the oxidation of adsorbed CO on the Pt(111) surface. 28, 29 Moreover, the overall shape of the current-voltage curve, including the peaks at 500 mV and 750 mV, is in good agreement with that for a completely Cu-free system, i.e. a Pt(111) electrode in a CO-saturated 0.1 M HClO 4 electrolyte. 29 Accordingly, no feature in the current-voltage curve can be directly correlated with the oxidation and thus disappearance of the Cu film in STM-images, even though, for desorption, it has to be oxidized. However, it might be possible that either adsorption of CO on the previously Cu-covered regions of the Pt(111) electrode or the onset of bulk CO oxidation screens the charge transfer for the anodic Cu dissolution.
Also in the STM images the exact potential for the Cu desorption remains ambiguous. Although the Cu layer seems to disappear at a potential of about 700 mV, it may not necessarily desorb into the electrolyte. Alternatively the onset of the oxidation of CO, which stabilizes the coalescent structure of the Cu layer, might lower the barrier for Cu diffusion and thus trigger a phase transition to a mobile phase. Such a mobile phase may appear invisible for STM, yielding in atomically flat and apparently adsorbate free terraces. Thus it remains unclear whether the apparently adsorbate free terraces in the potential range between 700 mV and 850 mV (Fig. 5b) indicate Cu desorption. The only notable additional feature is a fuzzy depression suddenly appearing at a potential of about 850 mV (Fig. 5b) . This feature is coincident with the CO oxidation peak in the current-voltage curve (Fig. 6) . Thus it may correspond to some disturbances of the STM caused by the CO oxidation, or alternatively, it may also indicate the desorption of a mobile Cu-adlayer into the electrolyte.
In summary, both Cu desorption and CO oxidation cannot be considered as isolated processes; they appear rather related to each other and occur under very similar potential conditions. Even though STM images suggest a desorption potential of about 650 mV, it remains unclear whether it corresponds to an alternative transition to a mobile phase.
3.3.4 Influence of HER. In order to prove that the morphology changes of the Cu layer described in Section 3.3 are purely CO-induced, the Cu layer was also subjected to strong HER in a CO-free 0.1 M HClO 4 electrolyte. By decreasing the potential to about À240 mV, at which a current density for HER of about À600 mA cm À2 is reached, similar conditions to those to which the Cu layer was exposed during the electrolyte exchange for the CO saturated solution were modeled. After increasing the potential to about 300 mV, STM measurements were carried out, which show that strong HER has no influence on the morphology of the Cu film. STM images clearly show that the Cu layer retains its atomically smooth morphology (Fig. 7a) and no transition to a coalescent structure as in the CO saturated solution can be found. This supports the previous discussion of a purely CO-induced coalescence of the Cu film.
Exposure to a CO 2 saturated solution
For CO 2 an inverse binding situation with respect to CO can be assumed. Hence a morphology change of the Cu layer would be induced by Cu-CO 2 rather than Pt-CO 2 bindings. To investigate this situation, a second electrolyte exchange for a CO 2 -saturated 0.1 M HClO 4 electrolyte was performed after preparation of the Cu layer. STM images recorded at a potential of about 200 mV exhibit that the morphology of the Cu film remains unchanged and atomically smooth (Fig. 7b) . Hence, the Cu film is stabilized by the Pt(111) surface against CO 2 -induced morphological changes. Also, in agreement with the literature, 30 no restructuring induced by attractive Pt-CO 2 bindings can be found, in contrast to the results in a CO-saturated electrolyte. However, it has to be considered that copper is generally able to reduce CO 2 to CO, 13, 14, 16, 17 which may eventually lead to the same morphology changes as is observed in a CO-saturated solution.
Conclusions
The UPD of copper on a Pt(111) electrode and the influence of CO and CO 2 coadsorbates on the thus deposited Cu films have been studied by means of EC-STM. UPD leads to the formation of a Cu layer with a pseudomorphic (1 Â 1) structure, in agreement with previous LEED studies. However, the Cu layer also contains some point defects, which naturally cannot be observed with LEED. Even though their origin remains unclear in STM images, they suggest an alternative understanding of the known, too low charge transfer during the Cu deposition: instead of a charge contribution from coadsorbed anions, the total Cu coverage is reduced by these defects. Exposure to CO leads to a rearrangement of the Cu layer from its initially pseudomorphic structure to a defective coalescent structure, which is driven by the formation of attractive Pt-CO bindings. CO also influences the anodic Cu dissolution: while the Cu layer apparently disappears in STM at a potential of about 650 mV, the simultaneously recorded current-voltage curve does not indicate any related anodic current and has virtually the same appearance as for a completely Cu-free system. In contrast, exposure to CO 2 , which should bind more attractive to copper rather than platinum, does not yield rearrangement of the Cu layer. Obviously its binding to the Pt(111) surface stabilizes it against a CO 2 -induced restructuring. However, as CO 2 may get reduced to CO over copper, a CO-induced restructuring of the Cu layer may occur after longer exposures.
